Some cell types are more susceptible to viral gene transfer or virus infection than others, irrespective of the number of viral receptors or virus binding efficacy on their surfaces. In order to characterize the cell-line-specific features contributing to efficient virus entry, we studied two cell lines (Ea.hy926 and MG-63) that are nearly nonpermissive to insect-specific baculovirus (BV) and the human enterovirus echovirus 1 (EV1) and compared their characteristics with those of a highly permissive (HepG2) cell line. All the cell lines contained high levels of viral receptors on their surfaces, and virus binding was shown to be efficient. However, in nonpermissive cells, BV and its receptor, syndecan 1, were unable to internalize in the cells and formed large aggregates near the cell surface. Accordingly, EV1 had a low infection rate in nonpermissive cells but was still able to internalize the cells, suggesting that the postinternalization step of the virus was impaired. The nonpermissive and permissive cell lines showed differential expression of syntenin, filamentous actin, vimentin, and phosphorylated protein kinase C subtype ␣ (pPKC␣). The nonpermissive nature of the cells could be modulated by the choice of culture medium. RPMI medium could partially rescue infection/transduction and concomitantly showed lower syntenin expression, a modified vimentin network, and altered activities of PKC subtypes PKC␣ and PKC. The observed changes in PKC␣ and PKC activation caused alterations in the vimentin organization, leading to efficient BV transduction and EV1 infection. This study identifies PKC␣, PKC, and vimentin as key factors affecting efficient infection and transduction by EV1 and BV, respectively. on August 28, 2013 by JYVASKYLAN YLIOPISTO http://jvi.asm.org/ Downloaded from FIG 2 BV aggregates syndecan 1 on the plasma membrane in Ea.hy-926 and MG-63 cells. EV-1 internalization is not blocked. (A and B) With differential labeling before and after permeabilization, we were able to differentiate antigens on the cell surface from the intracellular antigens. After baculovirus (MOI, 400) internalization (5 h p.t), cells were immunolabeled and imaged by confocal microscopy. (C and D) Baculovirus internalization was studied in Ea.hy926 cells. The cells were treated with baculovirus (MOI, 500), fixed at different time points, immunolabeled with BV and sdc-1 antibodies, and imaged with a confocal microscope. Colocalization and particle analysis were performed with BioImageXD. (E) Internalization of clustered ␣2␤1-integrin. ␣2␤1-integrin was clustered with antibodies in the presence of fluorescenceconjugated secondary antibodies (Alexa 555). After 2 h of internalization, ␣2␤1-integrin remaining on the cell surface was labeled with secondary antibody conjugated with a different fluorescent dye (Alexa 488), showing clustered intracellular ␣2␤1-integrin in red and extracellular ␣2␤1-integrin in green. (F) Quantification of images with BioImageXD showed no statistical difference between the cell lines. Scale bars, 20 m. The error bars indicate SEM. **, P Ͻ 0.01; ***, P Ͻ 0.001. 9826 jvi.asm.org Journal of Virology on August 28, 2013 by JYVASKYLAN YLIOPISTO on August 28, 2013 by JYVASKYLAN YLIOPISTO http://jvi.asm.org/ Downloaded from FIG 7 PMA treatment modulates cellular distribution of vimentin to a more restrictive phenotype in Ea.hy926 cells. (A) Vimentin was immunolabeled from Ea.hy926 after PMA treatment (30 min) and imaged with a confocal microscope. Cell outlines are shown. (B) Vimentin in HepG2 cells after similar treatments. (C) EV1 infection (8 ϫ 10 7 PFU/ml) and BV transduction (MOI, 500) were determined after siRNA transfection and subsequent PMA treatment (30 min). The error bars indicate SEM. (D) Vimentin knockdown efficiency after siRNA transfection (120 h) in Ea.hy926 cells was evaluated by immunolabeling. Scale bars, 20 m. The error bars indicate SEM. *, P Ͻ 0.05; **, P Ͻ 0.01. Turkki et al. 9832 jvi.asm.org Journal of Virology on August 28, 2013 by JYVASKYLAN YLIOPISTO
U nderstanding mechanisms that regulate the cell entry of viruses, leading to efficient internalization, is equally important with pathogenic viruses and in the field of viral gene therapy. In order to understand the cellular mechanisms behind the cells' permissiveness to viruses, we studied the infection and transduction pathways of two viruses from distinct families, namely, an insect pathogen, baculovirus (BV), and a small human pathogen, echovirus 1 (EV1).
BV is a large, enveloped DNA virus that is nonpathogenic to humans and is considered a promising candidate for gene delivery applications (1) (2) (3) . BV offers several advantages as a gene delivery vector compared to other viral vectors. They include high transgene capacity, easy production, and the nonreplicative nature of the virus. However, the development of baculovirus-based biomedical applications is hampered by a lack of knowledge about BV trafficking in human cells and a poor understanding of cellular factors affecting efficient gene transfer. Even though BV is able to internalize in and transduce several mammalian cell lines, the transduction efficiency varies among the cell types (4) (5) (6) (7) (8) . We previously described BV capsid display as a novel tool for gene therapy that can be used to detect transduction efficiency (6) . However, we also found cell lines, e.g., EA.hy926 and MG-63 cells, that were not able to efficiently express the targeted transgenes.
The factors affecting host cell permissiveness to BV transduction are still largely unknown. Cell lines such as HepG2 are commonly regarded as highly permissive (9, 10) , whereas MG-63 and Ea.hy926 have been reported to be transduction-restricted cells (6, 11) . In addition to the cell type, we showed previously that the cell culture medium affects the cells' permissiveness to viruses and may be used to enhance transgene delivery of BVs, adeno-associated viruses, adenoviruses, and lentiviruses (12) .
EV1 is a small, nonenveloped RNA virus from the family Picornaviridae and genus Enterovirus. Enteroviruses form a large group of viruses containing known human pathogens, such as rhinoviruses, coxsackieviruses, and polioviruses (13) . They cause a variety of illnesses, some of which may be severe, such as poliomyelitis, encephalitis, and hepatitis (14, 15) . Although picornaviruses have a huge impact on human and animal health, the factors affecting their pathogenicity are not well understood (16) . EV1 infects human cells from different origins, where its receptor, ␣2␤1-integrin, is expressed. ␣2␤1-Integrin is one of the major collagen binding integrins, and it is abundantly expressed in several cell types from endothelial and epithelial origins (17) . We have previously shown that efficient EV1 internalization is dependent on Rac1, Pak1, PLC, and protein kinase C subtype ␣ (PKC␣) activation (18, 19) .
We have recently reported that syndecan 1 acts as a receptor for BV in mammalian cells (K. E. Makkonen, P. Turkki, J. P. Laakkonen, S. Ylä-Herttuala, V. Marjomäki, and K. J. Airenne, submit-ted for publication). In addition to binding, our results indicate that syndecan 1 is also involved in the internalization of the virus (Makkonen et al., submitted). Syndecans are major cell membrane heparan sulfate proteoglycans (20, 21) . Rather than being specific receptors for only one or two different ligands, syndecans can bind various ligands and multiple ligands at a time via their heparin sulfate side chains. Not much is known about syndecan internalization and trafficking. Syndecans internalize from membrane rafts by a clathrin-and caveolin-independent route, and the internalization is actin dependent. Clustering of syndecan 1 has been shown to induce interaction between its cytoplasmic tail and actin microfilaments (22) , leading to actin reorganization (22, 23) . EV1, instead, binds to its receptor, ␣2␤1-integrin, which causes clustering and lateral movement of ␣2␤1-integrin. This clustering is essential in the internalization of the virus and integrin complex (18) . Syndecan 1 and ␣2␤1-integrins are both cell surface receptors that are widely expressed in various cell types (17, 24, 25) . Syndecans and integrins are transmembrane receptors that are capable of regulating both extracellular and intracellular activities. They play roles in various important processes in development and inflammation and in different diseases, such as cancer. Syndecans and integrins also act as receptors for various viruses (25) (26) (27) .
In this study, we characterized nonpermissive and permissive cell lines for virus entry and identified the factors affecting viral infection and gene delivery. We show that in the nonpermissive cells, despite optimal levels of the respective viral receptors and virus binding on the cell surface, virus transduction and infection are halted. Additionally, our data demonstrate that PKC subtypes alpha and epsilon and intermediate filament vimentin dynamics are key regulators leading to successful virus internalization and cellular trafficking.
MATERIALS AND METHODS

Cells.
Human hepatocarcinoma (HepG2) cells, human umbilical vein endothelial hybridoma cells, A549 human lung carcinoma epithelial (Ea.hy926) cells, human embryonic kidney (293T) cells, human osteosarcoma (MG-63) cells, and mouse macrophage-like (RAW264) cells were grown in monolayers at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) or RPMI 1640 medium supplemented with 10% inactivated fetal calf serum (FCS), L-glutamine, and penicillin-streptomycin (Gibco BRL, Paisley, United Kingdom). Between cell divisions, cells were kept in DMEM. During experiments, cells were kept in DMEM unless otherwise indicated.
Antibodies. Antibodies directed against BV were as follows: monoclonal antibody against glycoprotein 64 (gp64) (B12D5), monoclonal antibody against capsid protein vp39 (p10C6), or polyclonal antibody against BV (L. Volkman, University of California, Berkeley, CA). For syndecan 1 detection, monoclonal (B-A38 and Ab27390; Abcam) and polyclonal (sc-5632; Santa Cruz) antibodies were used. For EV1 labeling, rabbit antisera for purified EV1 (28) was used. For the detection of ␣2␤1-integrin, monoclonal antibody against ␣2-integrin (〈2〉111E10; from Fedor Berditchevski, Birmingham, United Kingdom) was used.
Monoclonal antibodies against Arf6 (Neomarker), CD81 (SC-166028; Santa Cruz), vimentin (NCL-VIM-V9; Leica Microsystems), syntenin (SC-100336), PKCε (sc-1681; Santa Cruz), PKC␣ (877-232-8995; Transduction Laboratories), and PIP2 (A-21327; Invitrogen) and polyclonal antibodies against phospho-PKC␣ (06-822; Upstate Biotechnology) and phospho-PKCε (06-821; Upstate Biotechnology) were used. For F-actin visualization, TRITC (tetramethyl rhodamine isocyanate)-conjugated phalloidin was used (Sigma). Fluorescence-conjugated goat secondary antibodies against mouse and rabbit (Alexa 488, 555, and 633; Invitrogen) were used. For the SDS-PAGE loading control, polyclonal actin antibody (Santa Cruz) was used.
Virus internalization, transduction, and infection experiments. The previously described BVs Ba-CAG-EGFP/WPRE and p24Cherry were used in the experiments. Viruses were produced as described previously (8, 29) . Different multiplicities of infection (MOIs) (100 to 1,000) were used, depending on the experimental setup. In BV internalization experiments, virus was first bound to cells for 1 h at 4°C, followed by washing off the unbound virus and internalization at 37°C for 5 min to 5 h. In transduction experiments, virus was added to the growth medium and kept until the cells were analyzed or fixed with 4% paraformaldehyde (PFA)phosphate-buffered saline (PBS) at 24 to 48 h posttransduction (p.t.). After the transduction, the percentage of enhanced green fluorescent protein (EGFP)-expressing cells was analyzed with FACSCanto II and FACSDiva software (BD Biosciences) or with an Olympus confocal microscope IX81 or a Zeiss Cell Observer wide-field microscope.
The EV1 (strain Farouk; ATCC) used in the experiments was produced and purified as described previously (28) . Virus dilutions from 3.2 ϫ 10 6 to 8 ϫ 10 7 PFU/ml were used, depending on the experimental setup. We used the smallest amount of viruses that usually resulted in 20 to 40% infection in our control cell cultures (human osteosarcoma cells) and thus did not saturate the entry pathways. In infection and internalization experiments, the cells were incubated with viruses for 1 h on ice in cell culture medium containing 1% fetal bovine serum (FBS) with gentle shaking. The unbound virus was then extensively removed by washing the cells with 0.5% bovine serum albumin (BSA)-PBS. The viruses were then allowed to internalize in the cells at 37°C in cell culture medium containing 10% FBS for 15 min to 2 h for internalization and for 6 to 7 h for infection experiments before fixation with 4% PFA-PBS.
␣2␤1-Integrin clustering experiment. In ␣2␤1 integrin clustering experiments, clusters of ␣2␤1-integrins were allowed to form in the presence of ␣2-integrin antibody and Alexa 555 secondary antibody and were internalized at 37°C for 2 h. After internalization, the cells were cooled to 4°C and incubated with Alexa 488 secondary antibody, washed, and mounted with Prolong gold DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen), leaving the internalized integrins red and the plasma membrane-associated integrin green or yellow as the channels were merged. Samples were then imaged, and the ratio of intracellular and extracellular integrin was analyzed.
SDS-PAGE and Western blotting. Samples were separated in 12% SDS-polyacrylamide gels and electroblotted onto polyvinylidene difluoride membranes (Millipore). Appropriate primary antibodies, together with horseradish peroxidase-conjugated secondary antibodies, were used in immunoblotting. Bands were detected with a Supersignal chemiluminescence detection kit (Thermo Scientific). Cell lysates of 4 ϫ 10 5 cells per lane were used. Actin was used as a loading control.
Immunofluorescence labeling and confocal microscopy. After fixation, the cells were permeabilized with 0.2% Triton X-100. The cells were immunolabeled using standard protocols. The appropriate primary antibodies were used, together with fluorescence-conjugated goat secondary antibodies against mouse and rabbit antibodies (Alexa 488, 555, and 633; Molecular Probes, Inc.). The cells were then mounted with Prolong gold anti-fade reagent with DAPI (Invitrogen). Coverslips were imaged with an Olympus IX81 microscope with a Fluoview 1000 confocal setup or a Zeiss Cell Observer wide-field microscope. Appropriate excitation and emission settings were used (488-nm argon laser; 543-nm and 633-nm HeNe lasers), with a UPLSAPO 60ϫ (numerical aperture [NA], 1.35) or Achroplan 20ϫ (NA, 0.45) objective with a resolution of 512 by 512 or 640 by 640 pixels/image. Levels for the laser power, detector amplification, and optical sections were optimized for each channel before starting the imaging.
Differential labeling between the surface and intracellular ligands was performed as described previously (18, 19) . Briefly, after the experiment, the cells were fixed with 3% PFA for 15 min. After fixation, the antigen present on the cell surface was labeled without permeabilization by using primary antibody, together with Alexa secondary antibody. After permeabilization with 0.2% Triton X-100, the same primary antibody was used again, but now with Alexa secondary antibody with a different fluorescent conjugate. Plasma membrane-associated antigen is stained with both Alexas, and the intracellular antigen is stained only with the latter Alexa antibody.
Microscopic data analysis. Quantification of fluorescence intensities and colocalization analyses were performed with a free, open-source software package, BioImageXD (30) . To quantify the level of colocalization, 30 cells from three separate experiments were randomly selected and optically sectioned using a confocal microscope. The colocalization thresholds were set manually so that background fluorescence and fluorescence from diffuse stain were eliminated.
For quantification of fluorescence intensities and thus the relative amount of immunolabeled antigen, at least 30 cells from three independent experiments were imaged. The threshold for each channel was manually adjusted to separate the signal from noise in BioImageXD. The total intensity was then divided by the DAPI-stained nucleus volume to obtain the relative amount of antigen per cell.
Transfection experiments. A mixture of four small interfering RNAs (siRNAs) against human syntenin 1 (L-008270-00-0005) and vimentin (L-003551-00) was used. A nontargeting siRNA pool (Thermo Scientific Dharmacon; D-001810-10) was used for negative control. For siRNA transfections, JetPrime (Polyplus Transfections) reagent was used according to the manufacturer's instructions. With syntenin-targeted siRNA, cells were incubated in the presence of siRNA containing transfection reagent for 48 to 72 h, whereas with vimentin-targeted siRNA, the cells were incubated with siRNA for 72 h, after which the cells were split and cultured without transfection reagent or siRNA. A total of 120 h after transfection for vimentin and 48 h for syntenin, cells were treated with viruses, and phorbol myristate acetate (PMA) and samples were collected for analysis with SDS-PAGE or a confocal microscope. Western blotting confirmed 95% knockdown of syntenin in siRNA-transfected cells. Vimentin siRNA knockdown efficiency was determined from confocal images after vimentin immunolabeling. Vimentin siRNA showed 77% knockdown of vimentin.
DNA plasmid transfections were done using Trans-IT 2020 (Mirus) or JetPei (Polyplus transfections) transfection reagent according to the manufacturer's instructions. PH-GFP, Arf6 (wild type [wt] and constitutively active [CA]), and RhoA (wt, dominant negative [DN], and CA) constructs were used.
MTT assay. An MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay (Promega) was performed on PMAtreated cells (0, 0.125, 0.25, 0.5, and 1 M) according to the manufacturer's instructions. The concentrations used in the experiments did not show any cellular cytotoxicity (P Ͼ 0.5).
Statistical testing. Statistical pairwise comparison was done using the Student t test performed with Graphpad Prism software. For results reported as percentages, prior to statistical comparison, arcsine transformation was applied to convert results to follow a normal distribution. All data are presented as means and standard errors of the mean (SEM).
RESULTS
The Ea.hy926 and MG-63 cell lines are deficient for BV transduction and EV1 infection.
Five different mammalian cell lines, derived from different cell types, were characterized for the ability to be infected or transduced by EV1 or BV. Infection and transduction efficiencies were determined by immunofluorescence labeling of the newly synthesized viruses or by reporter gene expression analysis, respectively. With both viruses, HepG2 cells were efficiently transduced (85% Ϯ 6%) and infected (100%), whereas the infection/transduction rates for Raw2647 cells were close to zero (0.5% Ϯ 0% and 0% Ϯ 0%). 293T cells showed moderate transduction (27% Ϯ 5%) and infection (13% Ϯ 1.5%) rates for both viruses. The infection/transduction efficiencies in Ea.hy926 (4% Ϯ 0.7% and 5% Ϯ 1.5%) and MG-63 (6% Ϯ 1.5% and 5% Ϯ 2%) cells were quite low. As the results show, BV transduction and EV1 infection levels were significantly similar between the viruses ( Fig. 1A and B ). In order to study the factors that lead to efficient virus entry, we studied more closely two cell lines that were almost nonpermissive to both viruses (Ea.hy926 and MG-63) and one highly permissive cell line (HepG2).
We first wanted to assess whether expression of the viral receptors on different cell types is the determining factor for successful viral entry. All three cell lines showed high expression levels of the BV binding receptor syndecan 1 on the cell surface, and there were no significant differences between the cell lines ( Fig. 1C ). BV binding to cells was in accordance with the expressed receptor amounts (Fig. 1D ). Corresponding experiments were performed for EV1 and its receptor, ␣2␤1-integrin. As with BV and syndecan 1, ␣2␤1-integrin was abundantly expressed on the cell surface and EV1 was able to bind to all cell types ( Fig. 1E and F) .
Next, we determined the transduction and infection levels in the nonpermissive cells. With BV transduction, only 6% transduction efficiency for MG-63 and 5% for Ea.hy926 cells were achieved in the nonpermissive cells, even when a large amount (MOI, 1,000) of BV was used. With EV1, we could reach 24% infected cells when 25-times-larger amounts of virus were used (data not shown). Altogether, these results show that Ea.hy926 and MG-63 cells are deficient for BV transduction and EV1 infection, even though these cells possess large numbers of viral receptors and virus binds efficiently to their surfaces. In HepG2 cells, both viruses show exceptionally high transduction and infection efficiencies, despite the similar expression levels of viral receptors in nonpermissive cells.
In nonpermissive Ea.hy926 and MG-63 cells, trafficking of BV and syndecan 1 is restricted on the plasma membrane. Next, we wanted to assess at which stage the viruses are blocked along their internalization pathway. An internalization assay with BV was performed in Ea.hy926 and MG-63 cells, using a differential labeling method (19) . With this assay, we can determine whether the antibody, and thus the protein of interest, is in the cytosol or on the cell surface. The results showed that, in nonpermissive cells, even after 5 h, the majority of BVs had not entered the cell but remained mainly on the cell surface in atypically large clusters ( Fig. 2A) . This was evident, as the colocalization of the total BV signal with the surface signal was high.
As the viruses were able to bind to the cells but unable to enter, we wanted to study the possibility that viruses attach to a decoy receptor on the nonpermissive cells, e.g., another heparan sulfate proteoglycan (HSPG) molecule showing optimal sulfation. However, microscopy analysis showed that BV associated with syndecan 1, but not with other syndecan family members on the cell surface. Moreover, the viruses were predominantly associated with the cell surface syndecan 1 rather than the intracellular protein ( Fig. 2B) , confirming that the deficient internalization is not due to binding to another HSPG. In HepG2 cells at 5 h p.t., the majority of the viruses had already uncoated, and large extracellular-virus-syndecan 1 clusters were not observed, as expected ( Fig. 2B ). Further colocalization analysis performed with Ea.hy926 cells showed that the colocalization of BV with syndecan 1 stayed approximately the same during the 4-h time course, whereas the colocalization of syndecan 1 with BV grew over time ( Fig. 2C ), suggesting that these BV clusters actually gathered more syndecan 1 over time. When we evaluated the colocalization of syndecan 1 with BV, we observed that the colocalization increased from 10% at 5 min to 30% at 2 h, suggesting that more syndecan was trapped with BV on the cell surface ( Fig. 2C ). Furthermore, detailed size measurements from confocal images showed that the aggregates grew bigger by over 4-fold within 2 h. The average size of syndecan 1 aggregates at 2 h postinternalization was 1.1 (Ϯ0.4) m, while 4 h later, the average size was 4.8 (Ϯ1.1) m (Fig. 2D ).
Previously, we showed that antibody-clustered ␣2␤1-integrin follows the same path as EV1-clustered ␣2␤1-integrin (18, 19, 31) .
To study whether the trafficking of ␣2␤1-integrin, and thus EV1, was also blocked on the surfaces of nonpermissive cells, we monitored the entry of antibody-clustered ␣2␤1-integrin. In contrast to BV and syndecan 1, we could not detect any block in integrin internalization. After 2 h of internalization of the antibody-clustered integrin, clear intracellular clusters were observed in all tested cell lines ( Fig. 2E ). With careful quantification of confocal images, we confirmed that the amounts of internalized and cell surface integrin did not significantly differ between the cell lines ( Fig. 2F ), suggesting that the internalization of ␣2␤1-integrin was not affected in the nonpermissive cells. As Ea.hy926 and MG-63 cells had a poor infection rate despite the internalization of the receptor, it seems probable that these cells have postinternalization defects in the infection pathway.
In conclusion, we show that in nonpermissive cells, BV clusters syndecan 1 on the cell membrane into large aggregates that are not able to internalize. EV1 internalization is not arrested in nonpermissive cells, indicating that the block is localized after the initial internalization step.
Cells show differences in cellular distribution and expression levels of F-actin, syntenin, vimentin, and phosphorylated PKC␣ (pPKC␣).
In order to define the factors affecting BV and EV1 trafficking, we identified features that differ between the permissive and nonpermissive cell lines. Proteins that have previously been associated with BV, EV1, syndecan 1, or ␣2␤1-integrin trafficking were studied by confocal microscopy.
The trafficking of BV (32), as well as syndecan (33, 34) , is actin dependent, suggesting that actin could be one factor likely to contribute to deficient internalization. We thus tested the involvement of F-actin in the nonpermissive cell phenotype. Permissive HepG2 cells contained high levels of F-actin, whereas in nonpermissive cells, F-actin levels were substantially lower (Fig. 3A) . As Rho GTPases regulate actin dynamics and we have previously shown that RhoA regulates BV uptake (29) , we wanted to test the involvement of RhoA in the nonpermissive cell phenotype. How-ever, our results using RhoA wt, DN, and CA constructs showed that RhoA had no apparent effect on BV transduction in Ea.hy926 cells (data not shown), suggesting that even though the F-actin levels in the nonpermissive cells were low, changing actin dynamics with RhoA is not the determining factor in the nonpermissive phenotype.
Syntenin is a syndecan binding protein that is involved in syndecan recycling (35) . Thus, the role of syntenin was studied in detail. The results revealed that high syntenin expression levels correlated negatively with effective virus transduction and infection. Syntenin was highly overexpressed in Ea.hy926 cells. In the other nonpermissive cell line, MG-63 cells, the expressed syntenin levels were lower than in Ea.hy926 cells but still higher than in permissive HepG2 cells (Fig. 3A) . The results thus suggested that syntenin might be one of the key factors contributing to the nonpermissive cell phenotype.
Considering our previous results indicating that vimentin could be involved in effective BV transduction (12), we studied vimentin distribution in permissive and nonpermissive cells further. We noticed considerable differences between the cell lines. First, the overall level of vimentin expression was notably higher in nonpermissive cell lines than in the permissive cell line. Second, a clear difference was seen in the form of vimentin in the cells, with nonpermissive cells showing complex and abundant vimentin networks whereas the permissive HepG2 cell line showed no clear network and vimentin was seen in vesicle-like structures. This vesicle-like distribution further suggested that in HepG2 cells vimentin is more often in monomeric rather than in filamentous form (Fig. 3A) .
PKC␣ is a protein kinase that has been shown to regulate ␤1integrin trafficking (36) and EV1 internalization (18) . Here, we studied both the phosphorylated form and the total pool of PKC␣ in the cells. We did not observe any significant differences in the total PKC␣ pool between the cell lines (data not shown), whereas the phosphorylated form showed distinctive distribution patterns in the nonpermissive cell lines, where it was mostly cytoplasmic and generally aggregated in the perinuclear compartment. In the permissive HepG2 cells, pPKC␣ was evenly distributed in the cell, and no perinuclear aggregates were observed (Fig. 3B ). Interestingly, EV1 internalization was observed to lead to a reorganization of the pPKC␣ pool in permissive HepG2 cells, where 2 h postinternalization, pPKC␣ was relocated from the plasma membrane to the cytosol. This is in accordance with our previous results, where we found pPKC␣ activation during virus internalization and after antibody-induced integrin clustering (18) . In contrast, in Ea.hy926 cells, there was no difference between the control and virus-treated cells, suggesting that although EV1 is able to internalize in these cells, due to the different pPKC␣ function/response in the cells, internalization does not lead to efficient infection.
The results revealed that F-actin, syntenin, vimentin, and pPKC␣ showed clear differences in permissive versus nonpermissive cell lines and prompted us to study these factors in more detail.
Change of cell culture medium from DMEM to RPMI induces BV transduction and EV1 infection. Previously, we showed that BV transduction efficiency can be induced by using RPMI medium, in contrast to other commonly used media (12) . BV transduction efficiency was also assessed here, and the results were in accordance with our previous results (Fig. 4A ). To study whether the medium change would have an effect on EV1 infec- tion as well, we performed an EV1 infection assay in different cell lines kept in either DMEM or RPMI medium for 24 h prior to the experiment. In all the cell lines studied, we were able to at least double the infection efficiency with RPMI medium, in contrast to DMEM (Fig. 4A) . In order to determine if the medium change affected EV1 internalization or merely boosted the binding of the viruses on the cell surface, we measured the binding of EV1 onto the cells. There was no difference in virus binding between different media (data not shown), suggesting that RPMI medium induces virus trafficking in the cells, rather than virus binding.
We then wanted to characterize whether the previously identified proteins that were differentially expressed in the nonpermissive and permissive cell lines were affected by the medium change. No difference in the expression and distribution of F-actin was observed in cells cultured in different media (Fig. 4B) . In contrast to F-actin, syntenin levels changed substantially in response to the culture medium. In HepG2 cells, where the expression level was fairly low to begin with, the effect was less obvious, whereas in the nonpermissive cell lines, an apparent drop in syntenin levels was observed in RPMI medium. The change in syntenin expression was especially drastic in Ea.hy926 cells (Fig. 4B) . To further assess the role of syntenin, we performed a knockdown experiment with a syntenin-targeted siRNA smart pool. The syntenin level was downregulated efficiently (Fig. 4C ), but to our surprise, siRNA treatment had no effect on BV transduction or EV1 infection, suggesting that syntenin was not a determining factor for cell susceptibility (Fig. 4D) .
Since pPKC␣ showed a distinct distribution in the nonpermissive and permissive cells, the role of pPKC␣ in the medium phenomenon was characterized, as well. Strikingly, change of culture medium affected pPKC␣ distribution and also its phosphorylation status in the cells. In nonpermissive cells cultured in RPMI medium, the phospho-PKC␣ was translocated from the cytosol to the plasma membrane, and the overall level of pPKC␣ expression was higher (Fig. 4B) . The induction in the phosphorylation levels seen from the confocal images was also confirmed by Western blotting (Fig. 4E) .
We also observed that the vimentin network was modified in response to the culture medium in nonpermissive cell lines. In DMEM, the vimentin network was tight and compact, whereas in RPMI-cultured cells, the vimentin network was looser. In addition to vimentin network changes, it was also evident that, as the network was more compact, there was clearly more of the filamentous vimentin in the cells cultured in DMEM than there was in the cells cultured in RPMI. In permissive HepG2 cells, we could not detect any changes (Fig. 4B ). Since the culture medium was shown to affect vimentin distribution in nonpermissive cells, we wanted to test the involvement of PKCε, which is the kinase that affects both vimentin dynamics and ␤1-integrin trafficking (37) . However, we were not able to observe any difference in the amount of total PKCε between the media used. In contrast, in cells that were cultured in RPMI, a clear reduction in the phosphorylated form of PKCε was observed (Fig. 5A ). In addition, when pPKCε distribution was monitored after BV internalization, we noticed that pPKCε associated with the BV-syndecan 1 aggregate on the cell surface ( Fig. 5B ). With EV1, no association between the virus and pPKCε was seen (data not shown). However, Western blotting of virus-treated Ea.hy926 cells showed clear downregulation of pPKCε in response to EV1 internalization (15 min postinfection [p.i.]) ( Fig. 5C ), suggesting that changes in PKCε phosphorylation may be a key factor regulating EV1 internalization. However, there was no difference in the amount of pPKCε in response to BV (Fig. 5C ), further suggesting that lack of pPKCε downregulation could lead to deficient BV internalization. As blockage of ␤1-integrin recycling and its entrapment in CD81-positive vesicles upon PKCε inhibition have been reported by Ivaska et al. (38) , we wanted to study whether CD81 was associated with the BV aggregates. However, we could not find CD81 in our aggregates (data not shown), suggesting that they are not the same structures previously reported by Ivaska et al.
Altogether, these results indicate that PKC subtypes ␣ and ε, together with vimentin reorganization, are the key factors affecting viral gene transfer and virus infection in different culture media.
PMA causes opposite effects on BV and EV1 entry in permissive versus nonpermissive cells. PMA is a commonly used PKC activator. PMA can lead to the activation of both classical and novel PKC isoforms and thus to the activation of both PKC␣ and pPKCε. PKC's activity is regulated by phosphorylation and subcellular localization (39, 40) . Since PKC␣ and PKCε were both shown to play a role in the culture medium phenomenon, we wanted to study the effects of PMA treatment on BV transduction and EV1 infection efficiency. The response to PMA treatment was studied in both cell media, as well.
With a flow cytometer, we first monitored the changes in BV transduction efficiency in response to PMA treatment in different media. As the results show, the effects of PMA treatment differed radically between the permissive and nonpermissive cell lines. In the permissive HepG2 cells, PMA was able to induce transduction efficiency to the level of RPMI medium, whereas in nonpermissive cells, strikingly, the transduction efficiency was actually reduced (Fig. 6A ). EV1 infection levels during PMA treatments were determined by confocal microscopy. The results were again similar to those with BV; in permissive cells, PMA induced infection in both media, and in nonpermissive cells, PMA reduced infection (Fig. 6B) .
To further control the effects of PMA treatment in the cells, we determined its effect on syntenin. Syntenin and PKC␣ activation were previously reported to be regulated interdependently in response to fibronectin (41) . To study whether we had analogous interdependent regulation between syntenin and PKC, we tested the effects of PKC activation on syntenin expression and, conversely, the effects of syntenin knockdown on PKC␣ activation. However, in our studies, no interdependent regulation was observed ( Fig. 6C) .
Taken together, these results showed that PMA treatment had opposite effects on virus transduction and infection in nonpermissive versus permissive cell lines. In permissive cells, PMA treatment could further boost transduction and infection, due to PKC␣ activation. In contrast, in nonpermissive cells, PMA treatment activated inhibitory factors that blocked the beneficial effect of the RPMI medium.
Vimentin organization regulates BV transduction and EV1 infection in nonpermissive cells. As PKCε is a subtype of PKC that is activated by PMA, and its downregulation was shown by RPMI change and by EV1 internalization, we next wanted to monitor changes in the vimentin network upon PMA treatment.
With a confocal microscope, we monitored changes in the vimentin organization in response to the culture medium and PMA treatment. With thorough analysis of multiple cells, we were able to observe subtle but consistent changes in the vimentin network. In nonpermissive Ea.hy926 cells, the vimentin network was more loosely packed in RPMI-cultured cells (Fig. 7A) , where virus transduction and infection were induced. In both media, PMA treatment made the vimentin network even more compact. In permissive HepG2 cells, neither the culture medium nor PMA treatment had any effect on vimentin ( Fig. 7B ), suggesting that changes in the vimentin dynamics were responsible for the reduction in transduction and infection seen after PMA treatment in nonpermissive cells. As RPMI medium was shown to downregulate pPKCε in the nonpermissive cell lines, these results suggest that PKCε activation by PMA treatment leads to changes in vimentin organization in nonpermissive cells. These changes are then able to overcome the positive effect of PKC␣ activation on virus internalization, resulting in reduction in BV transduction and EV1 infection.
In addition to filamentous versus monomeric forms of vimentin observed in the nonpermissive and permissive cell types, respectively, nonpermissive cells also contained notably higher levels of vimentin than the permissive cells. We thus wanted to study whether vimentin knockdown would have an effect on BV transduction and EV1 infection. For this purpose, we used a vimentintargeted siRNA smart pool and monitored virus transduction and infection efficiency with a confocal microscope. Vimentin knockdown did not have an apparent effect on EV1 infection or BV transduction in nonpermissive cells (Fig. 7C) . In order to confirm that vimentin overexpression was not the restricting factor in PMA-treated cells, vimentin siRNA treatment was performed, with simultaneous PMA treatment (Fig. 7B) , which proved negative. Knockdown of vimentin due to the siRNA treatment was confirmed by confocal microscopy. Although the siRNA treatment did not reduce vimentin expression to zero (77% knockdown), it was able to significantly diminish vimentin expression ( Fig. 7D) .
These results together suggest that the unfavorable effects of the vimentin network on cellular entry and intracellular trafficking of viruses is not due to the vimentin levels, but rather, is due to changes in vimentin organization, which are regulated by PKCε.
DISCUSSION
Identification of cell-type-specific characteristics affecting the permissiveness of cells to virus transduction or infection is important in order to understand virus-host interactions, as well as to identify factors that need to be considered in developing virusbased therapies. In nonpermissive cells, virus-mediated gene de- livery and virus infection may be arrested in several steps from the initial binding to the eventual gene transcription and new virion budding. Here, we have characterized cell lines that are known to be restricted in virus vector transduction and determined the cellline-specific features contributing to efficient virus entry. Two distinct model viruses, BV and EV1, were used.
BV has gained interest as a vector for biomedical applications, such as vaccine therapy, immune therapy, and gene therapy. In order to further define its use in biomedicine, factors affecting the permissiveness of the target cells must be identified. BV can transduce several mammalian cell types, but the efficiency varies between cell lines. Our previous studies on nonpermissive Ea.hy926 and MG-63 cells suggested that the block in transduction has similarities in different nonpermissive cells (6) . Additionally we showed that medium change from DMEM to RPMI makes cells more permissive to BV transduction (8) . However, the factors mediating this nonpermissive-to-permissive phenotype change remained undefined. Therefore, in this study, we monitored human cell lines derived from different cell types in more detail. In order to further define the cell-type-specific features mediating a nonpermissive phenotype and thus leading to reduced virulence, we also studied human picornavirus EV1 infection in these cells. In this study, we show that despite the fact that BV and EV1 have very different origins, the transduction and infection levels were highly similar in all of the mammalian cell lines tested. Furthermore, transduction and infection efficiencies were independent of the number of viral receptors or virus binding on the cell surface.
The cell lines under study, referred to as nonpermissive (Ea.hy926 and MG-63) and permissive (HepG2) cells, showed differential trafficking of BV and syndecan 1. In Ea.hy926 and MG-63 cells, transduction and infection levels were extremely low, whereas in HepG2 cells, they were exceptionally high. In the nonpermissive cells, BV and syndecan 1 formed large clusters on the plasma membrane that actively gathered more syndecan 1, leading to a block in internalization. This was surprising, as syndecan 1 clustering normally leads to efficient internalization of its ligand (34, 42) . Even though EV1 infection was deficient in these cells as well, the mechanism of restriction seemed to differ between the viruses. EV1 internalization was not blocked, suggesting that restriction for EV1 was in intracellular trafficking. Arf6 and PIP2 are known regulators of syndecan and/or integrin recycling (35, 43) . We have previously shown that the GTP binding protein Arf6 regulates BV uptake in permissive cells (29) . In nonpermissive Ea.hy926 cells, however, Arf6 wt or CA overexpression could not induce BV transduction. Additionally, no apparent changes were seen in PIP2 distribution monitored by a PH-GFP-express-ing construct in either nonpermissive or permissive cell lines. Furthermore, no colocalization was observed with BV or EV1 and Arf6 or PIP2 (data not shown). These results indicate that neither Arf6 nor PIP2 is associated with poor viral internalization. By comparing the permissive and nonpermissive cell lines, several proteins that are associated with the nonpermissive cell phenotype were identified. The permissive cell line contained a substantially larger amount of F-actin and lower levels of syntenin and vimentin and showed differences in the cellular distribution of pPKC␣. In addition to lower expression levels of vimentin, the organization of vimentin also appeared to differ: in nonpermissive cell lines, vimentin was arranged into a tight filamentous network, whereas in the permissive HepG2 cell line, the network was hardly detectable.
In all studied cell lines, infection and transduction could be induced by culturing cells in RPMI medium. This rescuing medium effect has been previously shown for BV, lentivirus, adenoassociated virus, and adenovirus (12) . Here, we showed that EV1 infection could also be induced with a culture medium change from DMEM to RPMI. In RPMI medium, a reduction in vimentin expression and rearrangements in the vimentin network were observed. Previously, several viruses have been reported to depend on or to be responsible for vimentin rearrangements during virus infection, suggesting that vimentin could be one of the common regulators associated with effective virus entry. These viruses include, e.g., African swine fever virus (44) , vaccinia virus (45), retrovirus (46) , adenovirus (47) , parvovirus (minute virus of mice [MVM]) (48) , dengue virus (49), Japanese encephalitis virus (50, 51) , herpesvirus (52), hepatitis C virus (53) , and foot and mouth disease virus and bovine enterovirus (54) . In this study, knockdown of vimentin could not rescue the transduction or infection of the viruses in nonpermissive cells, suggesting that it is not the overall vimentin level, but rather, the cellular organization of vimentin that promotes virus transduction and infection.
Vimentin dynamics are closely regulated by PKC subtypes (55) . Interestingly, we found different effects of two interesting PKC subtypes upon RPMI medium change, namely, PKC␣ and PKCε. An increase in the level of phosphorylated PKC␣ was associated with its relocation from the cytosol to the plasma membrane. PKC␣ activation has previously been associated with efficient internalization of ␣2␤1-integrin and EV1 infection (18) , as well as syndecan 4 (56) (57) (58) . Even though its association with syndecans has thus far been specifically only with syndecan 4 (59), our results indicate that syndecan 1 trafficking could also be regulated by PKC␣. The structure and assembly of intermediate filaments, such as vimentin, are regulated by their phosphorylation status (55, 60) . PKCε is one of the kinases that phosphorylate vimentin (37) . Upon RPMI change, we observed downregulation of the phosphorylated form of PKCε, suggesting that the activation of PKCε could be inhibitory to cellular entry of viruses. This explains well the complex responses of permissive and nonpermissive cells to PMA treatment, which activates all PKC subtypes. If a tight filamentous vimentin network was the main inhibitory factor in nonpermissive cells, then the phosphorylation status of filamentous vimentin into a looser soluble network could be crucial to successful virus entry. In line with this idea, upon BV and EV1 treatment of the nonpermissive cells, pPKCε was effectively downregulated with EV1, but not with BV, leading to efficient internalization of EV1, but not of BV, which stayed on the plasma membrane. Interestingly, PKCε-mediated vimentin phosphorylation was shown earlier to regulate ␤1-intergin trafficking (37) . In our study, RPMI medium was associated with high pPKC␣ and low pPKCε expression levels. Whether they both contribute to vimentin depolymerization directly or indirectly remains to be shown.
Taken together, this study demonstrates that the nonpermissive cell phenotype can be associated with low levels of F-actin, high expression levels of syntenin, a filamentous vimentin network, and differential regulation of PKC␣ and PKCε. Upon rescuing virus entry with RPMI medium, no change in F-actin organization was observed, suggesting that F-actin is not crucially involved. Even though syntenin expression was lowered by RPMI medium change, knockdown of its expression could not rescue the infection/transduction. Our results clearly indicated that differential activation of PKC subtypes ␣ and ε, together with the status of intermediate filament vimentin, regulated BV transduction and EV1 infection (Fig. 8 ). The exact mechanism through which these molecules interact in the internalization pathways needs to be further studied.
